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ABSTRACT 

The  laminar burnihg v e l o c i t i e s  of l e a n  f u e l -  
oxygen-nitrogen bunsen flames were measured 
f o r  methane, propane, and ethylene.  A t  con- 
-stant t h e o r e t i c a l  adiabat ic  flame teiqjeracure, 
each f u e l  exhibits a l i m i t i n g  value of the  
burning veloci ty  as  the oxygen/fuel r a t l o  is 
increased. The r a t i o  of burning veloci ty  t o  
this l i m i t i n g  value shows the same funct ional  
dependence on equivalence ratio f o r  the tklree 
f u e l s  s tudied.  With the assumption that t i h i s  
dependence i s  valid f o r  other  v o l a t i l e  hydro- 
carbons, a method i s  proposed for the p e d i c -  
t i o n  of the burning veloci ty  of  hydrocarbon- 
oxygen-nitrogen mixtures over the coffiplece 
fuel- lean region. Application o f  the pro- 
posed procedure t o  published data  is shown. 
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INTRODUCTION 

The search f o r  methods of p r e d i c t i n g  burning v e l o c i t i e s  i s  based on the 
need of a c h a r a c t e r i s t i c  of a flame, a property t h a t  w i l l  be useful i n  I 

t h e  determination of the  general  behavior of the flame. 
burning veloci ty  fills this requirement through the empirical  and theo- 
r e t i c a l  re la t ionships  between i t  and quenching d is tance ,2  c r i t i c a l  . , 
bourx?ory veloci ty  gradients, '  and i g n i t i o n  energies.  
a n  important means of charac te r iz ing  fLL1Lzs i s  a l s o  shown by t h e  use 
o f  burning v e l o c i t i e s  a s  a tes t  of combustion theories . '  

Methods f o r  pred ic t ion  of burning ve loc i ty  a r e  most r e a d i l y  applicable 
t o  p r a c t i c a l  problems i f  they do not requi re  the complex calculat ions 
of the rigorous theor ies  o f  combustion. Thus, although more rigorous 
theor ies  a r e  ava i lab le ,  many attempts have been made t o  descr ibe laminar 
burn i rg  v e l o c i t i e s  i n  terms of approximate theories  .' The resu l t ing  
snalyt?csl funct ions a r e  based on admitr;edly incorrect assumptions 
concerning the reac t ion  and energy t r a n s f e r  r a t e s  within the flame. 
The u l t i z a t e  j u s t i f i c a t i o n  of these assumptions i s  i n  the success of 
t h e  r e s u l t  i n  adequately descr ibing the observed burning ve loc i ty .  

The laminar 

Its posi t ion as  

Examination of the reported at tempts  to  descr ibe laminar burning veloc- 
i t i e s  r e a d i l y  shows that success i s  achieved o n l y  when the range of 
var iab les  i s  su i tab ly  l imi ted .  Thus most appl icat iansof  the  approx- 
imate theor ies  have pertained t o  hydrocarbon-oxygen-nitrogen mixtures, 
fuel/o,uggen r a t i o s  near the s toichiometr ic  value and atmospheric 
p r e s s w e .  O f  the a n a l y t i c a l  functions proposed, those based on the 
Semenov treatment have been a-pplied over the g r e a t e s t  range of -var i -  
a b l e s .  Tvo such functions are:*" 



where 
E i s  the energy of a c t i v a t i o n  of the over -a l l  reac t ion ,  
TO i s  the temperature of the primary or feed rdxture ,  
Tf i s  the ad iaba t ic  flame temcerature, 
Xf i s  the primary f u e l  f r a c t i o n  and 

i s  the equiva.lence r a t i o ,  :he fue l /oxpen  r a t i o  
r e l a t i v e -  t o  the stoichiometric fuel7oxygen r a t i o .  

The pos i t ive  s ign  i s  used for fue l - lean  p r i m r j  mixtures arid the neg- 
a t i v e  s ign for f u e l - r i c h  primary mixtures.  

An assumption of these functions i.s t'Mt the same cherdcal 2Lnetics 
and temperature dependence apDlies t o  most hydrocarbons and equiva- 
lence r a t i o s .  That the success of thLs  a s smpc ion  i s  liirdted i s  ind i -  
cated by measurements of the over-al l  order of combustion r e e c t i o n s . l 2  
In such s tudies ,  the evidence i s  t h a t  the over -a l l  ox ier  of the reac- 
t i o n  i s  a function of .the f u e l ,  the di luenc,  and the eqEivalence ' za t io .  
These conclusions a r e  further supported by the  observation t?zt vitn 
increasing oxygen f r a c t i o n  o r  decreasir,g equivalence . r e t i o ,  -?ke burn- 
i ng  veloci ty  tends t o  become independent of the e@valecce ratio for 
hydrocarbon-opjgen-ni trogen nixtwes . 
I n  s p i t e  of  the t h e o r e t i c a l  and experimental l i g i t a t i o n s  cf the  sbove 
functions,  t h e i r  p a r t i a l  success ind ica tes  that a r e l a t i v e l i 7  s i i g l e  
empirrcal method may be more successful i n  f d f i l l i n g  the ?zaccicel 
purposes of predict ion of burning v e l o c i t i e s .  'The ~res-m%i exister-ce 
of a simgle method i s  based on: 

' lo 

a )  t h e  apparent s i m i l a r i t y ,  smong hydrocarbons, o f  - t h e  Cependence 

b )  

e )  

of burning veloci ty  on temperature and composition, 
the apparent separabi i i tx  of the dependence or' bdmi?! yioLoc- 
i t g  on flame temperature End on equivaience r a t i o ,  ana 
the  s imilar  heat capacity and t ransport  p roper t ies  of oxyger! 
and the most common d i luent ,  ni t rogen,  tnereb? siiz2lifying 
the r e l a t i o n  between flame temperature and p r i x a q  ges ,cor;.- 
pos i t ion  and minimizing the var ia t ion  of transpor; prspercies  
w i t h  composition. 

I n  this paper, these three c h a r a c t e r i s t i c s  a r e  made the basis of a.n. 
empirical method of predict ing the laminar burning v e l o c i t i e s  of 
hydrocarbon-oxygen-nitrogen mixtures a t  atnospheric pFess1-m and rooc  
tempemture . 

APPARATUS AND PROCEDURE 

Burning ve loc i t ies  were determined by the  t o t a l  area method fron 
shadowgraphs of bunsen flames. 
encomtered, four  burners were used. For the  flames of 1800°K f l a a t  
temperature, the burner diameter vas 5/8 i n . ;  2000°K, 3/8 in.; 
2250°K, 1/4 i n . ;  and f o r  2500°K, 3/16 i n .  Wall thickmesses were 
0.06 in .  or less and a cooling jacket came within 1/8 i n .  of tihe 
burner r i m .  I n  a l l  cases the i-nLGial gas temperatwe was 300°K. 

The gas metering system, based on t h a t  of Andersen ard Friednan,'  
and the I Z I  o p t i c a l  system7 have been descTibed elsevhere.  l4 

For the  range of burning velocities 



The primary mixtures of hydrocarbon, oxygen, and ni t rogen were chosen 
to have a preassigned ad iaba t i c  flame temperature. 
ve loc i ty  vas determined f o r  mixtures covering the comple te fuel- lean 
region f o r  pa r t i cu la r  ad iaba t i c  flame temperature l e v e l s .  The choice 
of temperature l e v e l s  was i n  par t  determined by the a b i l i t y  t o  achieve 
s t a b l e  flames a t  laminar flow condi t ions.  

All flame temperatures were ca lcu la ted  r i t h  the usual  assumptions of 
chemical equilibrium and ad iaba t i c  combustion. 

T h e  burning 

RESULTS 

Tie hydrocarbons s tudied were methane, propane, and ethylene.  The 
r e s u l t s  of these s t u d i e s  a r e  surmnarized i n  Figures 1-3. Those for 
methane were presented previously , l4 but a r e  included t o  permit com- 
par ison with the o the r  f u e l s .  The abscissa  used i s  the reciprocal  of 
the more comonly used equivalence r a t i o  because of i t s  grea te r  con- 
venience f o r  the composition range covered i n  these s tudies .  

For the  several  f u e l s  and temperature levels, the burning veloci ty  
var ia t ions  v i t h  equivalence r a t i o  a re  qua l i t a t ive ly  s imi la r .  The 
s t rong  dependence on the equivalence r a t i o  near the stoichiometric 
point  i s  i n  q u a l l t a t i v e  agreement w i t h  the  functions (1) and ( 2 ) .  How- 
evey, vith la rge  excesses of oxygen, the burning ve loc i ty  i s  only 
ireakly dependent on the amount of oxygen. 
Yne above expressions,  this behavior can be seen i n  the r e s u l t s  of 
o ther  inves t iga tors  .*'lo 

I n  the cases of  propane and ethylene,  the data show no indica t ions  
otiner than t'mt the burning ve loc i ty  approaches a l imi t ing  value with 
increasing p5riiiry oxygen f r a c t i o n  along a constant temperature l e v e l .  
( I n  these s tud ie s ,  a constant  temperature l e v e l  very near ly  corres- 
ponds to  a constant primary f u e l  f r a c t i o n . )  I n  the case of methane, 
however, there  i s  a real  decrease i n  burnlng veloci ty  a t  the extreme 
l ean  end of the curves.  
only a minor l i m i t a t i o n  on the  concept, t o  be used below, that there 
e x i s t s  a l imi t ing  burning ve loc i ty  a s  the  oxygen f r a c t i o n  increases 
along a constant ad iaba t i c  flame tenperature  l e v e l .  

While in disagreement vith 

Tnis decrease amounts to about lo$ and places 

C O F E E U T I O N  OF BURNING VELOCITY DATA 

The r e s t r i c t i o n  of these data  t o  te rnary  mixtures a t  one atmosphere 
and 300'K i n i t i a l  temperature implies that any ad iaba t ic  process 
parameter such a s  flame temperature or burning veloci ty  i s  a function 
of only two var iab les  for a given ternary system. The most convenient 
f ac to r s  a r e  the f u e l  f r a c t i o n  and the equivalence r a t i o .  

As  reported above, t h e r e  exists a l imi t ing  value of the burning veloc- 
i t y  a t  high oxygen t o  fuel r a t i o s  which i s  cha rac t e r i s t i c  of t he  
f l ane  tezperature .  
ve loc i ty  on the equivalence r a t i o  and on the flame temperature can be 
expressed a s  inde endent func t ions ,  then the r a t i o  of the observed 
burning ve loc i tg  7%) t o  t he  l imi t ing  value ( v b - m )  a t  the same flame 

If i t  is assumed that the  dependence of burning 
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temperature would be a function of equivalence r a t i o  (9) only.  Further- 
more, the dependence of Vb/%-m on che equivaience r a t i o ,  according t o  
previous c o r r e l a t i o n s , 2 ' 5  mag possibly be generalized among the hydro- 
carbons through the use of a proport ional i ty  f a c t o r .  Such a correla-  
t i o n  i s  shorrn i n  Figure 4 where the r a t i o  w/Q,-~ i s  p lo t ted  against  
a/? where the experimental parameter 2 i s  1 .00  for propane, 1 .10 f o r  
e thylene,  and 1.16 for methane. 
average o f  observed burning ve loc i t ies  and corresponds t o  a parclcuiar  
mixture o f  hydrocarbon, oxygen, and xitrogen. The data  include a l l  of 
the  eight  hydrocarbon-flame temperature combinations neasured . The 
curve represents the function: 

Zach point vas obtained from the 

k . 0 5 6 4 0  (a@)'  + 0.5389 ( a @ )  - 0.3026 1 "= ( 3 )  vb/"b -m = 

up t o  a/? = 4 .  
a means o f  t e s t i n g  the cor re la t ion .  
Q / Q - m  is  s i g n i f i c a n t l y  less than unity, (a/? 
5$ of the curve and 51 a r e  within 9% of the curve. 
t i o n  f o r  this por t ion  of  the data i s  2.5% o f  the burning veloci tg .  
For values of a/? >/ 4.2 , i t  i s  assumed t'mt the buriring veloci ty  i s  
a t  t'ne l i m i t i n g  value.  
of vb/vb-m within 5% of un i ty  and the average deviat ion i s  1.7%. I t  
i s  possible ,  therefore ,  t o  express the burrLng veloci ty  of these 
miutulles well within experimental precis ion i n  the form: 

Tne choice of funct ion i s  a r b i t r a r y  and serves on ly  2 s  

The average devia- 

O f  the 52 points  f o r  vhLch 
4 . 2  ) ,  47 a r e  within 

I n  t h i s  rmge, 26 of the  28 a i x t u r e s  ?!ve values 

where Q - ~  includes a l l  dependence on flame temperature. 

It i s  proposed that the observed cor re la t ion  of the data of chis study 
can be applied t o  hydrocarbons i n  general .  Tne t e s t  of che corre1a- 
t i o n  w i t h  data of o ther  investigat.ors must be i n d i r e c t  since che r e -  
quired inf'ormation i s  not ava i lab le .  The information required fa- a 
p a r t i c u l a r  fuel  i s  the value of the equivalence r a t i o  adjustment f a c t o r ,  
- a ,  and the funct ion 
equation ( 4 )  f o r  a p a s t i c u l a r  f u e l  and i n i t i a l  temgerature and p r e s s u x ,  
the following assumptions a r e  made: 

f (ai?) i s  given by Figure 4 or  equation ( 3 )  . E) The value of 2 f o r  propane my be applied t o  a l l  paraf f in ic  
hydrocarbons other  than methane-. 

c )  The flame temperature i s  a single-valued funct ion of the 
f u e l  f r a c t i o n  i n  lean  hydrocarbon-oxygen-nir;rogen mixtures. 

The t h i r d  assumption avoids the need of ca lcu la t ing  the flame teinper- 
a ture ;  i t  i s  reasonably accurate  f c r  flame temperatures below 2500'K 
and, a s  w i l l  be seen below, proves adequate f o r  the purpose a t  higher 
temperatures. 

i n  terms of known q u a n t i t i e s .  To t e s z  the 

APPLICATION OF THE CORRELATION 

The most extensive data w i t h  respect t o  the composition range a r e  
those on methane of J a b l o  and o f  Singer and Hein,al.ll  The data 
from the two sources a r e  not cons is ten t .  Therefore, the burning 



v e l o c i t i e s  reported by Singer and H e i m e l  were mult ipl ied by a f a c t o r ,  
0.742, t o  br ing  t h e m  i n  l i n e  with those o f  Jahn. 
vr,/vu-m vas obtained f r o m  Figure 4 irith = 1.16. The values of 
V b - m  were then ca lcu la ted  from the  reported values of Jahn and the 
adjusted values of Singer and Heiniel. The r e s u l t i n g  dependence of 
v -m on the fuel f r a c t i o n  i s  shovn i n  Figure 5. The data  include 
18 fue l - r ich  mixtures for h i c h  a/' i s  grea te r  than uni ty ,  t h a t  i s  
mixtures f o r  With V ~ / V ~ - ~ -  can be found from Figure 4 .  O f  the 81 
mixt7ures represented i n  Figure 5,  the deviat ions of n - m  from the 
l e a s t  squares l i n e  a r e  such that 64 a r e  within 5% and 75 a r e  within 

It i s  f e l t  t o  be s i g n i f i c a n t  t h a t  a l l  the mixtures that have devia- 
t i o n s  grea te r  than 10% a r e  binary mLxtures of methane and oxygen o r  
coneain a t  nose 1.55 of pi t rogen.  
l o ~ r  values of t h e  burning veloci ty  and support the observations con- 
cerning a naxinuii i n  the q, vs .  1& curves for methane (Figure 1). 
T'nis e f f e c t  does noc appear u n t i l  l e s s  than lo$ of the  primary 
n i x t w e  i s  d t r o g e n ,  and roughly corresponds t o  the  region where 
equi l ibr i im amounr;s of  ni t rogen oxides Yall o f f  sharply.  It may be 
taken a s  evidence of  an e f f e c t  of ni t rogen oxides on the combustion 
r a t e .  For the purpose o f  the cor re la t ion  and i t s  p r a c t i c a l  appl i -  
c a t i o n ,  i c  i s  r,oted t h a t  if a t  l e a s t  1.55 Ditrogen i s  present ,  the 
e r r o r  i s  no g r e a t e r  than 15%. Furthermore, the large deviat ions 
oscur predotxhantlv for fldmes of lower temperatures, The l imita-  
t i o n  o n  t he  o v e r a i i  c o r r e l a t i o n  due t o  this effecc,  therefore ,  OCCLLPS 
i n  a r e k t i v e l y  small range. 

The correlacion of ?he 'ourn?lng v e l o c i t i e s  of methane-oxygen-nitrogen 
m2xtuYes ae one atmosphere and i n i t i a l  temperatures near room coridi- 
t i o n s ,  a s  presented i n  Figures 4 End 5, cover the following range of 
exgerinental  conditions:  

The r a t i o  

lo$. 

These deviat ions correspond to  

Fuel f r a c t i o n :  8-36$ 
Scpivaience Ratio: 0.25 - 1.16 
Fleme Temperature: 2000-3000°K 
&rning Velocity:  24 - 330 cm/sec 

As an example of che coalescence of' the reported values,  the group 
of seven points  near 15% methane Ccrrespond t o  equivalence r a t i o s  Of 
0.98 - 0.35 and burning ve loc i t ies  of 99 - 169 cm/sec. 

Another s e t  of data of  s u f f i c i e n t  range t o  t e s t  the proposed corre- 
l a t i o n  i s  t h a t  of Golovina and Fyodorov' on the burning veloci ty  Of 
hsxrrna. The f e c t o r  g vas assigned the value of 1 . 0 0  and the  resu l t s  
me presented i n  Figure 6. The prec is ion  of the calculated values 
of v-D-m Hith respect  t o  the s t r a i g h t  l i n e  i s  not a s  good a s  observed 
Fn the case of methane. Of the f o r t y  points ,  22 a r e  v i t h i n  5s and 
28 a r e  rrit'hin 10% of the  l i n e .  O f  t'ne f o u r  points  t h a t  deviate by 
more than 15%, three a r e  those of nit rogen-free mLxtures, a t  lov 
temperatures and mag 'oe considered f u r t h e r  evidence of anomalous 
behavior o f  binary fuel-oxygen mi.-t ures. 

If the genera l i ty  of F l w e  4 i s  accepted, the data required for  ehe 
establishment of the Vb-m dependence on f u e l  f r a c t i o n  can be obtained 
from the f a i r l y  common f u e l - a i r  and s imi la r  binary mixture s tudies .  
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Examples based on the da ta  f o r  binary mixtures a r e  shown i n  Figure 7 
for ethylene and propyne based on the r e s u l t s  of Simon and Wong13 an$,* 
f o r  iso-octane and propane based on t h e  r e s u l t s  of Dugger and Graab. 
If, a s  i n  the case of  the data of Simon and Wong, only f u e l - a i r  mixtures 
were s tudied,  the flame tercperature range i s  small .  While the pro- 
posed method i s  based on the empirical  determination of the Vb-m -fuel 
f r a c t i o n  curve, the occurrence of s t r a i g h t  l i n e s  i n  the extensively 
covered cases of methane and hexane i n d i c a t e  the s t rong p o s s i b i l i t y  
t h a t  l i n e a r  r e l a t i o n s h i p s  i n  general  may be va l id .  If so,  the l i n e  
obtained f o r  f u e l - a i r  mixtures would be s u f f i c i e n t  f o r  use”over the  
whole range of l e a n  fuel-oxygen-nitrogen mixtures. 
funct ions appears s a t i s f a c t o r y  f o r  the l imited data of ethylene,  
propyne, and iso-octane.  I n  the l a t t e r  case,  a trend a t  higher f u e l  
f r a c t i o n s  i s  apparent,  but the s t r a i g h t  l i n e  f i t  i s  s t i l l  w i t N n  596 
i n  this  region. The propane results a r e  near ly  l i n e a r  over most of 
the range, but show a d e f i n i t e  t a i l  a t  the low f u e l  f r a c t i o n s .  

The information of the Figures 5-7 a r e  summarized a s  follows: 

The use of l i n e a r  

Hydrocarbon Source of Data - a Q - m  cm/sec 
Me thane Refs. 10 ,  11 1.16 2555xf - 179.3 

Propane Ref. 3 1.00 non-linear 
Ethylene Ref. 13 1.10 3932xf - 1 2 4 . 1  

Propyne Ref. 13 1.00 577Oxf - 140  
Hexane Ref. 8 1 .00  6615xf - 63.0 
Iso-octane R e f .  4 1 .oo 1235Oxf- 1 2 0 . 2  

where xf i s  the f r a c t i o n  of f’uel i n  the primary mixture. 
comparison of tne  data  of Jahn and of Singer and He ime l  which differed 
by a propor t iona l i ty  f a c t o r ,  i t  must be recognized that the above 
formulation can be expected t o  descr ibe the results of any par t icu lar  
inves t iga t ion  only w i t h i n  a proport ional i ty  f a c t o r .  

The proposed method of empirical  p red ic t ion  of burning ve loc i ty  
appl ies  t o  lean  mixtures a t  atmospheric pressure and i n i t i a l  temper- 
a t u r e s  near room condi t ions .  . The l i m i t a t i o n  t o  l e a n  mixtures may 
possibly be l i f t e d ,  according t o  the methane da ta ,  t.0 include mixtures 
of a$ >/ 1 even i f  lk ,< 1. Further extension i n t o  the r i c h  regLon 
must involve modifications s ince the fuel f r a c t i o n  i s  no longer a 
single-velued funct ion of the flame temperature nor i s  the  curve of 
~ b / v b - ~  vs .  a/? a v a i l a b l e .  However, the cor re la t ions  t h a t  a r e  based 
on the Semenov theory imply the same flame temperature dependence i n  
both r i c h  and l e a n  mixtures and s imi la r  equivalence r a t i o  dependence. 
It  i s  qu i te  possible ,  therefore ,  that the proposed cor re la t ion  can be 
extended t o  r ich  flames if the inconvenience of flame temperature 
ca lcu la t ion  i s  accepted a s  p a r t  of the  procedure. 

A s  i n  the 
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